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sidered as an effective technique. Investigators reported various turbulence generators in literature for 
studying heat transfer, friction characteristics and flow pattern in heat exchanger and in solar air heater. 
In the present article an attempt has been made to categorize and review the reported turbulence gen- 
erators used for heat transfer enhancement in heat exchanger and solar air heater and gives an approach 
for further research for forced convection from the surfaces with large scale roughness. 
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1. Introduction 


Heat transfer enhancement in a single phase at low and moder- 
ate Reynolds number has been a major subject of intensive research 
over the years. It has numerous applications including cooling of 
electronics systems, internal cooling inside turbine blades, compact 
heat exchangers, biomedical devices, solar air heater, etc. Many 
techniques based on both active and passive methods have been 
proposed to enhance heat transfer in these applications. Among 
these methods one can find systems involving vortex generators 
such as ribs and baffles. Disturbance promoters increase fluid mix- 
ing and interrupt the development of thermal boundary layer, 
leading too enhancement of heat transfer. Due to limited con- 
ventional energy resources an alternative finding is necessary, as 
energy in various forms has been playing an increasingly important 
role in world wide economic progress and industrialization. The 
growth of world population coupled with rising material needs has 
escalated the rate of energy usage. Rapid increase in energy usage 
characteristic of the past 50-100 years cannot continue indefi- 
nitely, as finite energy resources of earth are exhaustible. On the 
other hand, environment degradation with the use of fossil fuels 
is a threat to life on this planet earth. In view of world's deplet- 
ing fossil fuel reserves and environmental threats, development of 
renewable energy sources has received an impetus. Of many alter- 
natives, solar energy stands out as brightest long range resource for 
meeting continuously increasing demand for energy. It is consid- 
ered to be a dominating renewable energy source due to its large 
potential. The freely available solar radiation provides an infinite 
and non-polluting reservoir of fuel. The simplest method to utilize 
solar energy for heating applications is to convert it into thermal 
energy by using solar collectors. Solar water heaters and solar air 
heaters are flat plate collectors which are generally used for heat- 
ing water and air respectively. Solar air heaters are considered to be 
compact and less complicated as compared to solar water heaters. 
These are also free from corrosion and freezing problems. Solar air 
heater can be fabricated using cheaper as well as lesser amount 
of material and is simpler to use than solar water heater. Solar 
air heaters are generally considered to be useful for applications 
including space heating, crop drying, seasoning of timber, etc. A 
solar air heater occupies an important place among solar thermal 
systems because of minimal use of materials and cost. The ther- 
mal efficiency of a solar air heater is generally considered to be less 
because of low rate of heat transfer capability between absorber 
plate and air flowing in the duct. In order to make a solar air heater 
more effective solar energy utilization system, thermal efficiency 
needs to be improved by enhancing heat transfer rate. Advances in 
modern electronics have led dramatic increases in the level of heat 
fluxes that must be removed to ensure the reliable operation of 
electronics packages. Conventional cooling methods that are based 
on forced convection are as follows: (a) Placing ribs periodically on 
the heat transfer surface disturbs the boundary layer. These ribs 
are small and do not disturb the core flow so most of the turbu- 
lence enhancement and boundary layer breakdown are localized 
near the heat transfer surface. (b) Inserting baffles into the heat 
transfer devices promotes mixing of the coolant. These baffles can 
significantly disturb the bulk flow. Generally increased heat trans- 
fer coefficient is accompanied with increase in friction factor. Thus 


engineers and designers have been trying to optimize the geome- 
try to yield a best heat transfer coefficient for either a given coolant 
or flow rate or an available pressure drop. In the present article an 
attempt has been made in order to make a brief outline of the per- 
formance enhancement of heat exchanger and solar air heater with 
turbulence promoters and vortex generators and gives an approach 
to modify the large scale roughness shapes and the usage of perfo- 
ration for obtaining optimum design parameters at lowest pressure 
penalty. 


2. Performance analysis 
2.1. Conventional solar air heater 


It is necessary to analyze the thermohydraulic performance of 
a solar air heater for making an efficient system. Thermal perfor- 
mance concerns with heat transfer process within the collector and 
hydraulic performance concerns with pressure drop in the duct. A 
conventional solar air heater shown in Fig. 1 is considered for brief 
analysis of thermal and hydraulic performance in the following sec- 
tions. Design and construction detail of such type of a conventional 
system are described by Garg and Prakash [1]. 


2.1.1. Thermal performance of solar air heater 

In order to evaluate thermal performance of a solar air heater, 
following Hottel-Whillier-Bliss equation reported by Duffie and 
Beckman [2] is commonly used. 


Qu = AsFalI(t0), — ULT; — Ta)] (1) 
or 
ies n = Fe[I(to), — UL(T; — Ta) | (2) 


The rate of useful energy gain by the flowing air through duct 
of a solar air heater may also be calculated by using the following 
equation: 


Qu = mCp(To — Tj) = hAs(Tpm — Thm) (3) 


As discussed above, heat transfer coefficient (h) is represented 
in non-dimensional form by using relationship of Nusselt number 
(Nu) reported by Duffie and Beckman [2]. 


Nu = — (4) 


Furthermore thermal efficiency of a solar air heater can be 
expressed by the following equation: 


nin = = Fe [ro - us (55) (5) 


The above equation shows that the plot between 7, and param- 
eter ((T; — Ta)/I) can be approximated by a straight line, of which 
intercept and slope are given by the values of Fg(1o), and FRU, 
respectively. 


2.1.2. Hydraulic performance 

Hydraulic performance of a solar air heater concerns with pres- 
sure drop (AP) in the duct. Pressure drop accounts for energy 
consumption by fan to propel air through the duct. Pressure drop 
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Nomenclature Greek symbols 

As surface area of absorber plate, m? o rib chamfer/wedge angle, degree 

Cp specific heat of air, J/kg K Nth thermal efficiency 

D,D, equivalent or hydraulic diameter of duct, m Neff effective thermal efficiency 

d, d print diameter of dimple/protrusion or geometric H dynamic viscosity, Ns/m? 
parameter of broken rib, m p density of air, kg/m? 

e rib height, m a angle of attack, degree 

g groove position, m (rate effective transmittance absorptance product 

h heat transfer coefficient, W/m? K p open area ratio 

H depth of air duct, m 

I intensity of solar radiation, W/m? 

k thermal conductivity of air, M/m K can be represented in non-dimensional form by using the following 

L length of test section of duct or long way length of relationship of friction factor (f), reported by Frank and Mark [3]. 
mesh, m 

m mass flow rate, kg/s f= (AP)D, (6) 

p pitch, m 2pLV? 

AP pressure drop, Pa . 

Ou useful heat gain, W 2.1.3. Thermohydraulic performance 

qu useful heat flux, W/m2 It is desirable that design of collector should be made in such 

S length of discrete rib or short way length of mesh, a way that it should transfer maximum heat energy to the flow- 
m ing fluid with minimum consumption of fan energy. Therefore in 

To fluid outlet temperature, K order to analyze overall performance of a solar air heater, thermo- 

T; fluid inlet temperature, K hydraulic performance should be evaluated by considering thermal 

Ta ambient temperature, K and hydraulic characteristics of the collector simultaneously. 

Tpm mean plate temperature, K 

Tim mean air temperature, K 3. Methodology of small height roughness elements 

UL overall heat loss coefficient, W/m? K 

v velocity of air in the duct, m/s Surface roughness considered as most popular technique to 

w width of rib, m enhance forced convection heat transfer. Initially, investigators 

Ww width of duct, m speculated that elevated heat transfer coefficients might accom- 


B/S 
By/Dh 
Br/Dh 
d/w 

d/D 

et 

e/D, e/Dp 
e/H 


FR 
gle 


Dimensionless parameters 


relative roughness length 

window cut ratio 

baffle thickness to hydraulic diameter ratio 

relative gap position 

relative print diameter 

roughness Reynolds number 
relative roughness height 

rib to channel height ratio 

friction factor 

average friction factor 

heat removal factor 

relative gap width 

relative groove position 

momentum heat transfer function 

relative long way length of mesh 

relative length of metal grit 

Nusselt number 

Nusselt number for smooth channel 

Nusselt number for rough channel 

area averaged Nusselt number 

relative roughness pitch 

baffle pitch spacing 

pores per linear inch in each direction 

Prandlt number 

roughness function 

Reynolds number 

Stanton number 

average Stanton number 

relative short way length of mesh 

duct aspect ratio 


pany the relatively high friction factors characteristic of rough 
conduits. However, since commercial roughness is not well defined, 
artificial surface roughness has been employed. Integral roughness 
may be produced by the traditional manufacturing processes of 
machining, forming, casting, or welding. Various inserts can also 
be used to provide surface protuberances in blade cooling pas- 
sages, repeated roughness elements in the form of regularly spaced 
ribs are used to increase heat transfer rates. As a by-product of 
the desired increases in heat transfer rates, the pressure losses 
through the channel also increase. It is usually necessary to deter- 
mine the best combination of heat transfer rate increases with the 
lowest possible pressure losses. The roughness is also used in heat 
exchanger and solar air heater to enhance rate of heat transfer. In 
solar air heater, the presence of laminar sublayer between absorber 
plate and flowing air is considered as a thermal resistance for heat 
transfer. Artificially roughened absorber plate in forms of ribs is 


Solar Radiation, I ~~ 


Air Outflow 


Glass Cover 


Absorber Plate —— 


Air Inflow 


Fig. 1. Schematic diagram of conventional solar air heater. 
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considered as a viable methodology to break laminar sublayer in 
order to enhance rate of heat transfer. The ribs or wires break the 
laminar sublayer and create turbulence due to flow separation and 
reattachment between consecutive ribs, which reduce the thermal 
resistance and thus increase the rate of heat transfer. A consider- 
able increase in friction losses also takes place thus the creation of 
turbulence is desirable only in the region very close to heat trans- 
ferring surface i.e. up to laminar sublayer, for this purpose the small 
height is considered for ribs. 

Attempt to increase heat transfer coefficient by small height 
roughness has been reported from over a century. Nikuradse in 
1950 attempted to develop velocity and temperature distribu- 
tion for roughened surfaces. Bergles et al. [4] reported significant 
improvement in heat transfer coefficient for in tube condensation 
of steam, when a wire was inserted in the cooling water jacket 
and spiraled around the condenser tube. There after many experi- 
mental investigations on roughness geometries have been carried 
out in the field of gas turbine airfoil cooling system, gas cooled 
nuclear reactors and design of compact heat exchangers. Different 
roughness geometries viz. regular and irregular shape are used in 
the investigations. A review of the roughness geometries used in 
solar air heater is reported by Varun et al. [29], Hans et al. [95] 
and Bhushan and Singh [107]. Application of artificial roughness 
methodology in a solar air heater for improvement of thermal per- 
formance owes its origin to these investigations. 


4. Small height turbulence promoters used in heat 
exchangers 


In regular roughness geometries different shapes, sizes and 
arrangements of roughness elements are studied in heat exchanger 
equipments. Mittal et al. [5] reported that early studies beginning 
with that of Nikuradse in 1950 attempted to develop velocity and 
temperature distribution for roughened surfaces. Special functions 
known as heat transfer function and momentum transfer func- 
tion have been proposed to correlate data on heat transfer and 
fluid flow characteristics. Webb and Eckert [6] developed heat 
transfer and friction factor correlations for turbulent air flow in 
tubes having rectangular repeated rib roughness based on the law 
of wall similarity and application of the heat-momentum trans- 
fer analogy to flow over rough surface having relative roughness 
height of 0.01-0.04 at a relative roughness pitch of 10-40 and 
range of Prandtl number of 0.71-37.6. Lewis [7] defined new effi- 
ciency parameter for optimizing thermohydraulic performance of 
rough surfaces. General arrangement of different types of rough- 
ness geometries reported by various investigators can be divided 
into four categories i.e. (a) transverse/inclined or discrete ribs, (b) 
continuous/discrete V shaped rib, (c) dimple/protrusion formation 
and (d) rib cross-section. 


4.1. Transverse/inclined or discrete ribs 


Small height wires as roughness element are frequently used 
in heat exchanger for heat transfer enhancement. Hu and Shen 
[19] investigated the effect of inclined discrete ribs with and with- 
out groove and reported performance improvement for discrete 
arrangement without groove. Cho et al. [20] examined the effect 
of angle of attack and number of discrete ribs in rectangular duct 
and reported that gap region between discrete ribs accelerates the 
flow and results an increase in local heat transfer coefficient. Hong 
and Hsieh [30] carried out experimental study on heat transfer and 
friction factor characteristics of developing and fully developed tur- 
bulent air flow in a square duct with two opposite rib roughened 
walls which are attached in a staggered manner. It was found that 
the heat transfer rate is 2.02-4.60 times as high as that of fully 


developed smooth duct flow for the lowest Reynolds number of 
the study i.e. 13,000. Park et al. [31] investigated the combined 
effects of the channel aspects ratio, rib angle of attack, and flow 
Reynolds number on heat transfer and pressure drop in rectan- 
gular channels with two opposite ribbed walls. The study reveals 
that the narrow aspect ratio W/H « 1 gives much better heat trans- 
fer performance than the wide aspect ratio W/H» 1. Murata and 
Mochizuki [33] carried out numerical simulation of heat transfer 
in rib roughened rectangular duct by using second order finite dif- 
ference method in coordinates fitted to transverse or angled ribs. 
It was found that the turbulent cases of both 60° and 90° ribs, 
the flow reattachment at the midpoint between the ribs and the 
unsteady reverse flow in front of the rib formed high values of the 
time averaged heat transfer, especially the heat transfer in front of 
the rib became very high. Tariq et al. [34] carried out experimen- 
tal study to investigate the heat transfer and flow characteristics in 
the entrance region of a rectangular channel with a single and two 
solid square ribs mounted on the bottom surface of the channel and 
found that the maximum value of Urms is observed to increase in 
the stream-wise direction and then decrease subsequently for the 
one-rib case. For the two-rib case, the Urms is observed to increase 
second time after the second rib. But, the increase in magnitude 
is less significant than that after the first rib. Tatsumi et al. [35] 
carried out numerical simulation for flow and thermal fields over 
two types of arrays viz. full span and discrete ribs attached to a 
channel wall and found that the discrete rib case, flows going by 
the rib accompany a pair of counter-rotating large scale stream- 
wise vortices and enhances the flow mixing that keeps the wall 
heat transfer higher. Tornado type transverse vortices appearing 
behind the edge of the rib become more intense and larger in scale 
in the duct roughened with discrete ribs. Generation of this type 
of vortices is effective to reduce the area of the flow recirculation 
region and is effective to enhance the wall heat transfer. An optical 
technique to measure local heat transfer coefficients in continu- 
ous and discrete transverse ribs as shown in Fig. 2 was studied 
by Cavallero and Tanda [36]. The technique is based on the use 
of thermo chromic liquid crystals applied to the test surface. It was 
found that the surface ribbed by continuous ribs with the lower 
pitch-to-height ratio (p/e=4) showed a progressively increasing 
heat transfer coefficient, along the stream-wise coordinate, in the 
inter-rib region and for the higher pitch-to-height ratio (p/e = 8), the 
local heat transfer coefficient reached a relative maximum, prob- 
ably at the reattachment point, followed by a slight reduction in 
the stream-wise direction and by a further increase close to the 
successive rib. 

Wong et al. [37] conducted experimental and numerical studies 
to investigate the forced convection and flow friction of a turbulent 
airflow in a horizontal air-cooled rectangular duct, with square- 
sectioned cross-ribs mounted on its bottom surface with angle 30* 
and 120°. It was found that experimental and numerical studies, 
use of cross-ribs could be a promising solution to enhance the 
forced convection in a rectangular duct. The ability of the cross- 
ribbed surface to enhance forced convection was found to be better 
than the well-known parallel-ribbed surface. Won and Ligrani [39] 
investigate spatially resolved-local flow structure, spatially aver- 
aged flow structure, and surface Nusselt numbers are presented 
and compared for stationary channels with aspect ratios of 4 and rib 
turbulators inclined at 45? for two different rib arrangements with 
perpendicular and parallel orientations on two opposite surfaces 
are considered for investigation. It was found that Local Nusselt 
number ratios are roughly the same for the crossed and parallel rib 
configurations for all locations along the test surface, except just 
upstream of the ribs; here local parallel rib Nusselt number ratio 
is significantly higher than local crossed rib ratios; this is due to 
significantly different overall and local secondary flows for the two 
rib configurations, especially secondary flows events with length 
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Fig. 2. Top view of rib configuration studied. 


scales which are of the order of the span-wise spacing between 
adjacent ribs. Lu and Jiang [40] carried out a numerical and exper- 
imental investigation of forced convection heat transfer of air in 
a rectangular channel with 45* inclined ribs. It was observed that 
geometry with ribs 4 mm apart on one wall, the channel with 60? 
ribs had the best heat transfer performance, the channel with 0? 
ribs had the least pressure drop, and the channel with 20? ribs 
had the best thermo hydraulic performance. Tanda [45] carried out 
experimental investigation of forced convection in a rectangular 
channel of AR=5 with angled rib turbulators inclined at 45° by using 
liquid crystal thermography. It was found that for the one-ribbed 
wall channel, the degree of enhancement of the friction factor, rel- 
ative to the smooth channel, is between 2.6 and 4.3; when ribs 
are present on two opposite walls, the friction factor ratio f/fo is 
greatly enhanced (from 6.9 to 14.3), becoming about three times 
higher as compared with the one-ribbed wall channel. Values of 
fifo tend to slightly increase with increasing Reynolds number and 
to decrease with increasing rib pitch-to-height ratio and the rib 
pitch-to-height ratio p/e = 13.33 is still the optimum value for the 
one-ribbed wall channel (with heat transfer augmentation, for the 
investigated range of Reynolds number, between 1.25 and 1.45), 
while the largest gain in performance is provided by p/e- 10 for 
the two-ribbed wall channel (heat transfer augmentation in the 
1.02-1.20 range). 


4.2. Continuous/discrete V shaped rib roughness 


The inclined rib gives better heat transfer than transverse one 
due to the secondary flow thus the investigators look towards the V 
shaped rib roughness. Han et al. [13] investigated the effect of par- 
allel and V-shaped broken rib orientations on the local heat transfer 
distribution and pressure drop in a square channel with two oppo- 
site ribbed walls and found that 60° staggered discrete V-shaped 
ribs provide higher heat transfer than parallel discrete ribs. Lau et al. 
[15], Taslim et al. [16] and Olsson and Sunden [17] investigated the 
effect of V-shaped ribs in square channel and found enhancement 
in heat transfer as compared to inclined ribs and transverse ribs. 
Results showed that an average Stanton number for the inclined 
45° and 60° discrete ribs was 20-35% higher than in 90? full rib 
case. Gao and Sunden [18] also reported that V-shaped ribs point- 
ing downward perform better than the ribs pointing upward in 


rectangular ducts. Olsson and Sunden [32] carried out experimen- 
tal investigation of secondary flow patterns, pressure drop and heat 
transfer in rib roughened rectangular channel of the geometries 
cross ribs, parallel ribs, cross V-ribs, and multiple v ribs and the 
flow patterns investigated with smoke wire visualization and LDV 
measurements as shown in Fig. 3. It was found that swirl flow tube 
provides a significant increase in the j and f factors for Reynolds 
numbers from 1000 and 2000, while at higher Reynolds numbers 
these are at the same level as those the most of the other rib- 
roughened channels. The high heat transfer enhancement in the 
low Reynolds number range is caused by a stable secondary flow. 
At Reynolds numbers above 4000, the highest j/f ratio of all chan- 
nels tested is provided with the V-ribs pointing upstream, while the 
lowest j/f ratio is provided with the V-ribs pointing downstream 
Table 1. 

Gao and Sunden [18] investigate the thermal and hydraulic per- 
formances of three rib-roughened rectangular ducts with three rib 
configurations parallel ribs and V shaped ribs pointing upstream 
or downstream of the main flow direction. Study reveals that 
V ribs pointing downstream produced the highest heat transfer 
enhancement and friction factors, and provided the best ther- 
mal performance over the tested Reynolds number range. Parallel 
ribs provided better performance than V ribs pointing upstream 
at high Reynolds number. Tanda [38] made investigations using 
liquid crystal thermography to obtain detailed distributions of 
heat transfer coefficient in rib-roughened channels. The roughness 
geometries induced by transverse continuous, transverse broken 
and V-shaped broken ribs were deployed on a heated surface as 
shown in Fig. 4. The highest value of enhanced Nusselt number was 
reported for the transverse broken ribs having relative roughness 
pitch (P/e) value of 4. Large increase in friction factor was induced 
by ribs as compared to the smooth channel. 

Lee at al. [44] investigated effect of aspect ratio on heat/mass 
transfer in rectangular channels with two different V shaped rib 
configuration with a 60? attack angle and multiple (staggered) V 
shaped rib configuration with a 45? attack angle using naphthalene 
sublimation method. It was observed that 60° continuous V-shaped 
rib configurations, the heat/mass transfer coefficients showed the 
maximum values at the center region, and decreased gradually 
along the angled ribs due to the two pairs of large-scale counter- 
rotating secondary flows generated in the channel. 


Table 1 


Heat transfer coefficient and friction factor correlations for different turbulence promoters used in solar thermal systems. 


Geometry Authors Range of parameters Correlations 
Heat transfer coefficient Friction factor 
A. Ribs Hong and Hsieh [30] e[Dy: 0.19 Nu - 0.056Req 74 (For Tu 2 0.04) 
Transverse ple: 5.31 Nu -0.030Rej 7? (For Tu - 0.07) 
Small diameter Nu -0.019Rej933 (For Tu - 0.11) 
staggered 
arrangement 


Small diameter 
protrusion wires 


Small diameter 
transverse 


Small diameter 
transverse 
protrusion wire 


2. V shaped/inclined 
Wire ribs 
Inclined wire ribs 


V shaped staggered 
Discrete wire ribs 


V shaped continuous 
Wire ribs 


Inclined discrete and 
continuous wire 
ribs 


Grid shaped wire 
Ribs 


Inclined discrete ribs 


Inclined and 
transverse wire 
ribs 

Arc shaped wire ribs 


Multiple V shaped 


Prasad and Saini [47] 
Gupta et al. [52] 
Verma and Prasad 


[50] 


Gupta et al. [108] 


Mulluwork et al. 
[53,54] 


Momin et al. [55] 


Karwa [56] 


Karmare and Tikekar 
[57] 


Aharwal et al. [58] 


Varun et al. [59] 


Saini and Saini [60] 


Hans et al. [61] 


e/D: 0.020-.033 p/e: 
10-20 

Re: 5000-50,000 
e/D: 0.018-.052 

Re: 3000-18,000 


e/D: 0.01-0.03 
ple: 10-40 

e*: 8-42 

Re: 5000-20,000 
e/D: 0.02-0.053 
ple: 7.5-10 

o: 30-90° 

Re: 5000-30,000 


e/D: 0.02 

a: 60° 

B/S: 3-9 

Re: 2000-15,500 
e/D: 0.02-0.034 
ple: 10 

a: 30-90° 

Re: 2500-18,000 
e|Dp: 0.0467-0.05 
ple: 10 

a: 60-90° 

B/S: 3 

WIH: 7.19-7.75 
e|Dp: 0.035-.044 
ple: 12.5-36 

Is: 1.72-1 

Re: 4000-17,000 
ple: 10 

e[Dy: 0.0377 
WJH: 5.87 

Re: 3000-18,000 
d/w: 0.167-0.5 
a: 60° 

Re: 2000-14,000 
ple: 3-8 


gle: 0.5-2 

ple: 10 

e/D: 0.0213-.0422 
a/90: 0.333-0.666 
Re: 2000-17,000 
PJe: 6-12 

e[D: 0.019-0.043 
a: 30-75? 

Re: 2000-20,000 
W/w: 1-10 
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Fig. 3. Rib configurations and conjectured secondary flow patterns: (a) cross rib roughened, (b) parallel rib roughened, (c) cross v rib roughened, (d) parallel v rib roughened 


» (e) parallel v rib roughened « (f) swirl flow tube. 


4.3. Dimple/protrusion formation 


Generation of dimples/protrusions on surface of absorber plate 
is also considered to be a simple and economical methodology to 
create artificial roughness. It is a subject of many recent experi- 
mental investigations. Use of dimple shape roughness produced 
augmented surface heat transfer levels as compared to channels 
with smooth surfaces and at par with other artificial roughness 
geometries. On the other hand pressure drop or friction loss usually 
does not increase appreciably as compared to other rough chan- 
nels. 

Moon et al. [23] investigated effects of channel height on 
heat transfer in a rectangular duct with a dimpled surface and 
observed enhancement in heat transfer by about 2.1 times regard- 
less of channel height and friction factor of 1.6-2.0 times that of 
smooth channel. Mahmood and Ligrani [24,25] measured local heat 


transfer on dimpled surface of opposite walls with various temper- 
ature ratios having ratio of channel height to dimple print diameter 
of 0.5 and observed that vortex structures augment local Nusselt 
number near downstream rim of each dimple. Burgess et al. [26] 
conducted an experimental study to investigate effect of dimple 
depth on heat transfer with aspect ratio of 8 and for Reynolds 
number range of 12,000-70,000 and reported that Nusselt number 
increases with increase in dimple depth. Sang et al. [27] investi- 
gated heat transfer with dimple/protrusion arrays in a rectangular 
duct with low Reynolds number range and observed heat trans- 
fer enhancement of 14 and 7 times for double protrusion wall and 
double dimpled wall at Reynolds number of 1000. However at high 
Reynolds number of 10,000, enhancement level observed was from 
2 to 3. Chang et al. [28] examined heat transfer characteristics for 
four sets of dimpled channels with Reynolds number ranging from 
1500 to 11,000 and determined effect of dimpled arrangement, fin 


Fig. 4. Geometry of rib configuration studied - 1. Transverse continuous; 2. Transverse broken ribs; 3. Broken 60° v ribs; 4. Broken 45° v ribs. 
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Fig. 5. (a) Concave convex channel; (b) concave concave channel; (c) convex convex channel. 


length to channel hydraulic diameter ratio and Reynolds number 
on heat transfer over the dimpled fin channel as shown in Fig. 5. 


4.4. Rib cross-section 


The rib cross-section shapes such as square, rectangle, tri- 
angular, and semicircular were reported by the investigators 
Ravigururajan and Bergles [8] who developed general statistical 
correlations for heat transfer and pressure drop for four types 
of roughness elements such as semicircular, circular, rectangular 
and triangular for single-phase turbulent flow in internally ribbed 
tubes. Han [9-12] carried out an experimental study of the effect 
of rib shape, angle of attack, pitch to height ratio and spacing in 
square duct with two opposite rib roughened wall. Parallel full ribs 
having an angle of attack, ‘a’ of 45° and 30° had the best thermal 
performance. Liou and Hwang [14] reported experimental study 
on turbulent heat transfer and friction in a channel having ribs of 
semicircular, square and triangular shapes and mounted on two 
opposite walls. For the range of Reynolds number studied, ribs of 
semicircular, triangular and square shape yielded about 1.6-2.0, 
1.7-2.2 and 1.9-2.7 fold increase in average Nusselt number while 
friction factor increased by 4-8, 5-10 and 7-15 fold respectively. 
Chyu et al. [21,22] reported local heat transfer measurements on 
ribs of hemispherical and teardrop shapes by using a transit liq- 
uid crystal technique and obtained 2.5 times greater heat transfer 
enhancement, and air pressure penalty is half the values produced 
by conventional rib turbulator. Kamali and Binesh [41] conducted 
numerical investigation of the turbulent heat transfer and friction 
factor in a square duct with various shaped ribs mounted on one 
wall with four different ribs configuration viz. square, triangular, 
trapezoidal with decreasing height in flow direction, trapezoidal 
with increasing height in flow direction. It was observed that for 
the range of Reynolds number the trapezoidal rib with decreasing 
height in the flow direction has the highest value of heat transfer, 
while the case D has the lowest value of friction factor and p/e - 12 


provides the highest enhancement factor among the four pitch 
investigated. Promvonge and Thianpong [42] carried out experi- 
mental investigation of turbulent forced convection heat transfer 
and friction loss behaviors for air flow through a constant heat 
flux channel fitted with different shaped ribs shown in Fig. 6. The 
ribs cross sections used in this study are triangular (isosceles), 
wedge (right triangular) and rectangular shapes and both inline 
and staggered arrangements were used. It was observed that rib 
turbulators with e/H 7 0.3 cause a very high pressure drop increase, 
especially for inline rib arrangement and also provide considerable 
heat transfer augmentation, Nua/Nuo =2.6-4.4, depending on rib 
geometry and Nusselt number augmentation tends to increase with 
the rise of Reynolds number. The staggered triangular rib should be 
applied instead of the rectangular one to obtain higher heat trans- 
fer and performance of about 50-65% leading to more compact heat 
exchanger. The best operating regime for all rib turbulators is found 
at the lowest Reynolds number values. 

Thianpong et al. [43] carried out experimental investigation 
of turbulent heat transfer and friction loss behaviors of airflow 
through a constant heat-fluxed channel fitted with different heights 
of triangular ribs and the rib cross section geometry used in the 
present study was isosceles triangle. It was observed that use of rib 
turbulators causes a very high pressure drop increase, especially 
for high flow blockage rib, e/H » 0.26 and also provides consider- 
able heat transfer augmentations, Nu/Nu, = 1.8-4.0, depending on 
rib height. 


5. Roughness geometries used in solar air heater 


In solar air heaters, artificial roughness in the form of attaching 
the small diameter wires, machining ribs of different shapes, form- 
ing dimples/protrusion have been investigated for performance 
enhancement of solar air heater. There are many parameters that 
characterize the arrangement and shape of the roughness ele- 
ments; height (e) and pitch (P) of roughness element are the most 
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Fig. 6. Test section with inline rib arrangements (a) wedge pointing upstream; (b) wedge pointing downstream; ( 


C) triangular; (d) rectangular. 
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Fig. 7. Roughened absorber plate with transverse continuous ribs. 


important parameters. These are specified in non-dimensional 
form as relative roughness height (e/D) and relative roughness pitch 
(P/e) respectively. The other parameters include Reynolds number, 
rib cross-section, angle of attack, chamfering and combined turbu- 
lence promoters. Literature on application of artificial roughness 
in a solar air heater covers wide range of roughness geometries 
for studying heat transfer and friction characteristics. General 
arrangement of different types of roughness geometries reported 
by various investigators can be divided into four categories i.e. (i) 
wire fixation, (ii) rib formation by machining process, (iii) wire 
mesh or expanded metal mesh fixation and (iv) dimple/protrusion 
formation. These have been discussed in detail under the following 
sections. 


5.1. Wire fixation 


Various investigators studied heat transfer enhancement and 
friction factor by fixing protruding wires of different shape, size and 
orientation as an artificial roughness element on absorber plate as 
has been discussed below. 


5.1.1. Transverse continuous ribs 

Kays [46] proposed fixing small diameter protrusion wires per- 
pendicular to flow direction on surface of absorber plate break 
laminar sub-layer. It was suggested that protrusion wire diame- 
ter of y* 250, spaced 10-20 times diameter and placed within the 
laminar sub-layer are better than turbulence promoters. Prasad and 
Saini [47,48] develop empirical correlations for heat transfer coeffi- 
cient and friction factor for fully developed turbulent flow in a solar 
air heater duct having absorber plate roughened artificially by small 
diameter wires as shown in Fig. 7 of various relative roughness 
heights ranging from 0.020 to 0.033 and relative roughness pitch 
varying from 10 to 20 for Reynolds numbers range between 5000 
and 50,000. It was found that the average friction factor and Nusselt 
number increased with increase in relative roughness height. The 
average Nusselt number ofthe roughened duct was about 2.10, 2.24 
and 2.34 times than that of the smooth duct for relative roughness 
height of 0.020, 0.027 and 0.033 respectively. The average friction 
factor of the roughened duct was about 3.08, 3.67, and 4.26 times 
than that of the smooth duct. The increase in the average Nusselt 
number and average friction factor for relative roughness pitch of 
10, 15 and 20 in the roughened duct was about 2.38, 2.14, 2.01 and 
4.25, 3.39, 2.93 times than that of the smooth duct respectively. 

Gupta et al. [49] studied effect of transverse wire roughness on 
heat and fluid flow characteristics for solar air heater ducts with an 
absorber plate having transverse wires fixed on the underside of it 
as shown in Fig. 7 for Reynolds number range of 3000-18,000, duct 
aspect ratio of 6.8-11.5, relative roughness height of 0.018-0.052 
at a relative roughness pitch of 10 with a range of roughness 
Reynolds number between 5 and 70. It is found that Stanton num- 
ber increased initially with an increase in Reynolds number up to 
12,000 and registered a slight fall thereafter. Verma and Prasad 
[50] reported the effect of transverse wire roughness on heat and 
fluid flow characteristics for three rectangular solar air heater 
ducts; two were roughened collectors and one was a plane surface. 
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Fig. 8. Roughened absorber plate with transverse broken ribs. 
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Fig. 9. Roughened absorber plate with inclined ribs. 


Transverse wires were fixed on underside of absorber plate as 
shown in Fig. 7. Investigations were carried out for Reynolds 
number range of 5000-20,000 for high duct aspect ratio, rela- 
tive roughness height of 0.01-0.03 at a relative roughness pitch 
of 10-40 and roughness Reynolds number range of 8-42. An opti- 
mum value of thermohydraulic performance of about 71% has been 
reported corresponding to roughness Reynolds number of 24. 


5.1.2. Transverse broken ribs 

The effect of broken transverse ribs on absorber plate of a solar 
air heater was studied by Sahu and Bhagoria [51]. Integral rib rough- 
ened absorber plates were prepared by fixing wires of 1.5 mm 
diameter over one side of absorber plate as shown in Fig. 8. Rough- 
ness geometry was having pitch (P) ranging from 10 to 30mm, 
height of rib (e) was 1.5 mm and duct aspect ratio was 8. Inves- 
tigated range of Reynolds number was 3000- 12,000. Heat transfer 
coefficient enhancement over smooth duct was reported to be 
1.25-1.4 times and maximum thermal efficiency of the order of 
83.575 was obtained. 


5.1.3. Inclined and V-shaped or discrete ribs 

Gupta et al. [52] found optimum design parameters for out- 
door condition of a roughened solar air heaters for varying relative 
roughness height (e/D) and for a relative roughness pitch (P/e) of 
10 at an angle of attack (o) of 60°. Geometry of roughened absorber 
plate is shown in Fig. 9. An enhancement of heat transfer and 
friction factor was obtained of the order of 1.8 and 2.7 times respec- 
tively. Maximum heat transfer coefficient and friction factor values 
were obtained at an angle of attack of 60° respectively in the range 
of investigated parameters. 

Muluwork et al. [53,54] compared thermal performance of 
roughened absorber plate fixed with staggered discrete V-apex 
(up and down) as shown in Fig. 10. It is reported that Stanton 
number increased with an increase of relative roughness length 
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Fig. 10. Roughened absorber plate with discrete V shaped ribs up and downstream. 


ratio in the range of 3-7. Reported Stanton number for V-down dis- 
crete ribs was higher than the corresponding V-up and transverse 
discrete roughened surfaces. Enhancement in Stanton number ratio 
was found to be of the order of 1.32-2.47. 

Momin et al. [55] studied the effect of geometrical parameters 
on heat transfer and fluid flow characteristics of rectangular duct of 
solar air heater having V-shaped ribbed roughness on the absorber 
plate as shown in Fig. 11. This experimental investigation covered a 
Reynolds number range of 2500-18,000, relative roughness height 
(e/D) of 0.02-0.034 and angle of attack (œ) of 30-90° for a fixed 
relative roughness pitch (P/e) of 10. It was reported that V-shape 
ribs with an angle of attack (o) of 60° enhanced Nusselt number 
by 1.14 and 2.30 times and friction factor by 2.30 and 2.83 times 
over inclined ribs and smooth plate respectively. Correlations for 
nusselt number and friction factor were developed. 

Karwa [56] reported the effect of inclined discrete and contin- 
uous ribs on thermohydraulic performance of solar air heater for 
Reynolds number range of 2800-15,000, relative roughness height 
of 0.0467-0.050, fixed relative roughness pitch of 10 and duct 
aspect ratio of 7.19-7.75. Roughness geometries used in this study 
are shown in Fig. 12. Stanton number and friction factor correla- 
tions were developed. Enhancementin Stanton number and friction 
factor over smooth duct was observed of the order of 65-90% and 


a 


Wires 


Pre 


Transverse 


AWW / 


Inclined 


¥-up continuous 


S. Chamoli et al. / Renewable and Sustainable Energy Reviews 16 (2012) 3154-3175 


2.68-2.94 times respectively. It is reported that 60° inclined rect- 
angular ribs produce better results than transverse ribs. It is also 
reported that enhancement in Stanton number over smooth duct 
is 102-1372, 110-147%, 93-134% and 102-1425 for rib arrange- 
ment of V-up continuous, V-down continuous, V-up discrete and 
V-down discrete respectively. 

Karmare and Tikekar [57] studied the heat transfer coefficient 
and friction factor characteristics of artificial roughened duct with 
metal grit ribs as shown in Fig. 13. Effect of range of system param- 
eters ofgrit geometry on heat transfer coefficient and friction factor 
was investigated for Reynolds number range of 4000-17,000. It was 
found that plate having roughness parameters l/s = 1.72, e/D = 0.044 
and P/e=17.5 resulted optimum performance and as compared to 
smooth duct yields up to two-fold enhancement in Nusselt number 
and three-fold enhancement in friction factor. 

Aharwal et al. [58] investigated effect of artificial roughness by 
using an inclined discrete rib arrangement in a rectangular duct 
shown in Fig. 14. Maximum enhancement in Nusselt number and 
friction factor as compared to smooth duct was observed to be 2.59 
and 2.87 times respectively. Particle image velocimetry (PIV) sys- 
tem was used to visualise the effects of angle of inclination of ribs 
on the flow behaviour. Based on experimental results, correlations 
for nusselt number and friction factor were developed. 

Varun et al. [59] studied heat transfer and friction characteristics 
by using a combination of inclined as well as transverse ribs as 
shown in Fig. 15 for Reynolds number range of 2000-14,000. It is 
reported that roughened absorber plate having relative roughness 
pitch (P/e) of 8 resulted in best performance. 

Saini and Saini [60] studied the effect of arc shaped ribs on heat 
transfer and fluid flow characteristics of rectangular duct of solar 
air heater as shown in Fig. 16. This experimental investigation cov- 
ered a Reynolds number range of 2000-17,000, relative roughness 
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Fig. 12. Roughened absorber plate with transverse, inclined discrete and continuous ribs. 


S. Chamoli et al. / Renewable and Sustainable Energy Reviews 16 (2012) 3154-3175 3165 


6260 P 


60? 


Continuous rib 


c=2 mm S 


dAwsy = 0.33 


Fig. 14. Roughened absorber plate with inclined discrete ribs. 
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Fig. 15. Roughened plate with combined inclined and transverse ribs. 


Fig. 16. Arc shaped rib roughness. 


height (e/D) of 0.0213-0.0422 and relative angle of attack of flow 
(a/90) of 0.3333-0.6666 for a fixed relative roughness pitch (P/e) of 
10. Maximum enhancement in Nusselt number and friction factor 
as compared to smooth duct was observed to be 3.6 and 1.75 times 
respectively. 


Hans et al. [61] carried out experimental investigation of a solar 
air heater duct with artificially roughened absorber plate in forms 
of multiple V-shaped ribs as shown in Fig. 17. Study showed that 
the maximum heat transfer enhancement occurred for relative 
roughness width (W/w) of 6 while friction factor was maximum at 
W/w= 10. Nusselt number is maximum corresponding to 60° angle 
of attack and for the relative pitch P/e of 8. 

The heat and fluid flow characteristics of rectangular duct hav- 
ing its one broad wall heated and roughened with periodic ‘discrete 
V-down rib’ as shown in Fig. 18 were experimentally investigated 
by Singh et al. [62]. The result showed that the maximum increase 
in Nu and fover that of smooth duct was 3.04 and 3.11 folds respec- 
tively. The rib parameters corresponding to maximum increase in 
Nu and f were d/w=0.65, g/e = 1.0, P/e = 8.0, æ = 60° and e/Dy, = 0.043. 


5.2. Rib formation by machining process 


Experimental investigations are reported in the literature to 
study heat transfer and friction characteristics by using integral 
ribs generated on absorber plate by machining process. Different 
shapes, sizes and orientation of ribs have been used to generate 
artificial roughness on absorber plate by this method as discussed 
in the following sections. 
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Fig. 17. Roughened plate with multiple V shaped rib roughness. 
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Fig. 18. Discrete V shaped rib roughness. 
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Fig. 19. Integral chamfered rib roughness on absorber plate. 


5.2.1. Chamfered ribs 

Karwa et al. [63] investigated integral chamfered ribs as artifi- 
cial roughness as shown in Fig. 19. Experimental study was carried 
out by taking rib chamfer angles of —15°, 0°, 5°, 10°, 15° and 18° 
for a rectangular duct having aspect ratio of 4.8, 6.1, 7.8, 9.6 6 and 
12 under a Reynolds numbers range of 3000-20,000. Range of rela- 
tive roughness heights (e/D) and relative roughness pitch (P/e) was 
0.0141-0.0328 and 4.5-8.5 respectively. In comparison to smooth 
duct, artificial roughened duct yielded up to about two and three 
times increase in the Stanton number and friction factor respec- 
tively. 


5.2.2. Wedge shaped ribs 

Bhagoria et al. [64] experimentally investigated heat transfer 
and friction factor characteristics of air heater rectangular duct 
roughened by wedge shaped transverse integral ribs as shown in 
Fig. 20 for Reynolds number range of 3000-18,000. Range of rela- 
tive roughness height (e/D), relative roughness pitch (P/e) and rib 
wedge angle (f) was 0.015-0.033, 60.179-19264 < p/e< 12.12 and 
8-15? respectively. Authors reported an enhancement in Nusselt 
number and friction factor of the order of 2.4 and 5.3 times respec- 
tively as compared to smooth duct. 


5.2.3. Combination of different integral rib roughness elements 

Jaurker et al. [65] experimentally investigated on heat and 
fluid flow characteristics for fully developed turbulent flow in a 
rectangular duct having repeated integral transverse rib-groove 
roughness as shown in Fig. 21 for Reynolds number range of 
3000-21,000. Enhancement of Nusselt number of the order of 2.75 
times of the smooth duct and 1.57 times of ribbed duct with sim- 
ilar rib height and rib spacing was observed. Whereas ribbed duct 
with similar rib height and rib spacing provides Nusselt number 
values of the order of 1.7 times that of smooth duct for range of 
parameters. On the other hand friction factor increases in the order 
of 3.61 times that of smooth duct and 1.17 times that of ribbed 
duct. Whereas a ribbed duct with similar rib height and rib spacing 
results in friction factor value of the order of 3 times that of the 
smooth duct. 

Layek et al. [66] investigated heat transfer and friction char- 
acteristics of repeated integral transverse chamfered rib-groove 
roughness as shown in Fig. 22 for a Reynolds number range of 
3000-21,000, relative roughness pitch of 4.5-10, chamfer angle of 
5-30°, relative groove position of 0.3-0.6 and relative roughness 
height of 0.022-0.04. Authors reported that Nusselt number and 
friction factor increased by 3.24 times and 3.78 times respectively 
as compared to smooth duct. Maximum enhancement of Nusselt 
number and friction factor was obtained corresponding to relative 
groove position of 0.4. 


5.3. Wire mesh or expanded metal mesh ribs 


Generation of artificial roughness on the absorber plate is con- 
sidered to be a cumbersome task and may not be economically 
feasible for large scale production of solar air heaters for various 
applications. In order to solve this problem up to some extent, few 
experimental investigations based on wire mesh or expanded metal 
mesh as roughness element is reported in the literature. 

Saini and Saini [67] used expanded metal mesh as roughness 
geometry and obtained an enhancement of heat transfer coefficient 
and friction factor of the order 4 and 5 times over the smooth duct 
corresponding to an angle of attack of 61.9? and 72° respectively. 
Roughness geometry investigated by Saini and Saini is shown in 
Fig. 23. 


5.4. Dimple/protrusion shaped geometry 


Generation of dimples/protrusions on surface of absorber plate 
is also considered to be a simple and economical methodology to 
create artificial roughness. It is a subject of many recent experi- 
mental investigations. Use of dimple shape roughness produced 
augmented surface heat transfer levels as compared to channels 
with smooth surfaces and at par with other artificial roughness 
geometries. On the other hand pressure drop or friction loss usually 
does not increase appreciably as compared to other rough channels. 


Fig. 20. Absorber plate having transverse wedge shaped rib roughness. 
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Fig. 21. Absorber plate having rib grooved roughness. 
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Fig. 22. Absorber plate having chamfered rib grooved roughness. 
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Fig. 24. Dimple shaped protrusion on absorber plate. 


Saini and Verma [68] carried out an experimental investigation 
on fluid flow and heat transfer characteristics of solar air heater duct 
having dimple-shaped artificial roughness as shown in Fig. 24. The 
investigation covered the range of Reynolds number from 2000 to 
12,000, relative roughness height from 0.018 to 0.037 and relative 
roughness pitch from 8 to 12. Maximum value of Nusselt number 
was found corresponding to relative roughness height of 0.0379 
and relative roughness pitch of 10 and minimum value of friction 
factor was been found corresponding to relative roughness height 
of 0.0289 and relative roughness pitch of 10. 

Bhushan and Singh [69] carried out an experimental investiga- 
tion for a range of system and operating parameters to analyze the 
effect of artificial roughness on heat transfer and friction in solar air 
heater duct having protrusions as roughness geometry as shown in 
Fig. 25. The maximum enhancement of Nusselt number and friction 
factor was found 3.8 and 2.2 times respectively in comparison to 
smooth duct over the investigated range. Maximum enhancement 
in heat transfer coefficient was found to occur for relative short 
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Fig. 26. Baffle attached to absorber plate. 


way length (S/e) of 31.25, relative long way length (L/e) of 31.25 
and relative print diameter (d/D) of 0.294. 


6. Baffles 
6.1. Solid baffles 


The high thermal performance enhancement of heat exchanger 
systems in many industries is needed to use energy source effi- 
ciently. For decades, many engineering techniques have been 
developed for the rate of convective heat transfer from the channel 
surface. The uses of turbulators in the cooling channel or channel 
heat exchanger such as ribs, grooves or baffles are introduced in 
order to increase the convective heat transfer rate leading to the 
compact heat exchanger and increasing the efficiency. Periodic flow 
interruption by baffle arrays mounted periodically on the walls is an 
extensively used means for augmentation of heat transfer in many 
industrial applications. The baffles completely make the change of 
flow field and thus the distribution of local heat transfer coeffi- 
cient. The baffle increases the degree of heat transfer coefficient 
and restarts the boundary layer after flow reattachment between 
baffles. The heat transfer increase is associated with increase in 
pressure drop due to increase in flow area effects. Thus the geom- 
etry parameters are the most important concern of design and the 
designers are looking towards the optimum parameters and geom- 
etry of baffles and their arrangements. 

Yeh and Chou [70] experimentally investigate the efficiency of 
solar air heaters with baffles as shown in Fig. 26 and found consid- 
erable improvement in the collector efficiency of solar air heaters 
with fins in the collector are provided with attached baffles to create 
air turbulence and an extended heat transfer area and on increasing 
the density of baffles i.e. either increasing W/De or decreasing I/L 
also increases the collector efficiency but this will increase power 
consumption. 

Yeh et al. [71] carried out theoretical investigation of the effect 
of collector aspect ratio on collector efficiency of baffled solar air 
heaters and found that with constant collector area, the collector 
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Fig. 27. Domain with staggered diamond shaped baffle. 


efficiency increases with increase in aspect ratio as on increas- 
ing the aspect ratio the cross-sectional area of the duct decreases 
and thus increase in the velocity of air flow and the convective 
heat transfer rate from absorber plate to flowing air. Mousavi and 
Hooman [72] numerically investigated the laminar fluid flow and 
heat transfer in the entrance region of a two dimensional horizon- 
tal channel with isothermal walls and with staggered baffles. It was 
observed that the Reynolds number is influential on the location of 
the periodically fully developed condition, as well as the blockage 
ratio. The two parameters affect the development in such a way 
that increasing any of the two will postpone the development and 
consequently increase the Nusselt number since the flow reattach- 
ment to the channel wall causes the washing of the wall and, hence, 
results in greater values of the local Nusselt number. However, it is 
shown that the concept of periodically fully developed ones does 
not necessarily mean the same as what we expected for a smooth 
channel, i.e., a region in which the Nusselt number will no longer 
change as the flow moves downstream. Romdhane [73] studied 
the solar collectors and gave a comparative study on various tech- 
niques favorise and increase the heat transfer coefficient between 
the caloporting fluid(air) and the absorber, the manner in which the 
air flows the absorber, the shape of the collector itself and those of 
inlets and outlets. It was found that on introduction of suitable baf- 
fles in solar air collectors increases the couple efficiency-increase in 
temperature. The baffles placed in the air channel situated between 
the insulator and the absorber, have the particularity of extending 
the trajectory of the circulation, to keep the caloporting air con- 
stantly in contact with the absorber, and finally to play the role of 
wings and improving the heat transfer from the absorber to the 
caloporting air. Sripattanapipat and Promvonge [74] carried out 
numerical investigation of laminar periodic flow and heat trans- 
fer in a two dimensional horizontal channel with isothermal walls 
and with staggered diamond shaped baffles as shown in Fig. 27. It 
was found that performance of laminar heat transfer in a channel 
fitted with two transverse staggered diamond baffles is obtained 
using numerical simulation. The order of enhancement is about 
200-6805, for using the diamond baffles and the augmentation is 
associated with enlarged friction loss ranging from 20 to 220 times 
above the smooth channel. The effect of interaction of the vortices 
induced by both types of baffles is numerically investigated and 
the enhancement of heat transfer for 5° diamond shaped baffle is 
around 6% higher than that of flat baffle. 

Nie et al. [75] conducted numerical simulations of three- 
dimensional laminar forced convection flow adjacent to backward- 
facing step in rectangular duct to examine effects of the baffle on 
flow and heat transfer distributions. The step height is maintained 
as constant. A baffle is mounted onto the upper wall and its distance 
from the backward-facing step is varied. It was observed that baffle 
mounted onto the upper wall increases the magnitude of maximum 
Nusselt number at the stepped wall. One segment of the xy-line 
developing close to the backward-facing step becomes shorter with 
decrease ofthe distance ofthe baffle from the backward-facing step. 
It becomes more relatively uniform in the spanwise direction as the 
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Fig. 28. Absorber plate with U shaped turbulators. 


distance of the baffle from the backward-facing step decrease. The 
other segment developing adjacent to the sidewall moves further 
downstream as the baffle moves in the stream wise direction away 
from the backward-facing step and the maximum Nusselt number 
on the stepped wall develops near the sidewall, and it moves fur- 
ther downstream as the location of the baffle moves in the stream 
wise direction. The friction coefficient at the stepped wall decreases 
as the distance of the baffle from the inlet increases. Bopche and 
Tandale [76] carried out experimental investigation to study heat 
transfer and friction factor by using artificial roughness by using U 
shaped turbulators on the absorber surface as shown in Fig. 28 of 
an air heater duct over the range of parameters Re: 3800-18,000, 
e[Dy =0.0186-0.03986, p/e=6.67-57.14, o -90*. It was observed 
that Roughness pitch strongly affects the flow pattern and hence the 
performance of the duct. The turbulators geometry shows appre- 
ciable heat transfer enhancement even at low Reynolds number too 
Re «5000 where ribs are inefficient. At Reynolds number Re = 3800, 
the maximum enhancement in Nusselt number and friction factor 
are of the order of 2.388 and 2.50 respectively and the maximum 
enhancement in Nusselt number and friction factor values com- 
pared to smooth duct are of the order of 2.82 and 3.72 respectively 

Promvonge [77] carried out experimental investigation of heat 
transfer and friction factor characteristics of a rectangular duct of 
AR= 10 with multiple 60° V baffles as shown in Fig. 29 and the range 
of parameters investigated are e/H - 0.10, 0.20, 0.30, P/H=1-3, Re: 
5000-25,000. It was found that Nusselt number augmentation 
tends to increase with the rise of Reynolds number. The use of V 
baffles with e/H = 0.30 causes a very high heat transfer and pressure 
drop increase as compared with outer flow blockage ratios. In sim- 
ilar eH it is clear that V baffles with PR=1 give much higher heat 
transfer rate and friction factor than with PR - 2 and 3. For compar- 
ison in terms of thermal enhance factor, the use of V baffle with 
e[H - 0.10 leads to the highest value and is about 1.87 at PR=1 and 
the lowest value of Reynolds number. 

Promvonge et al. [78] carried numerical investigation on 
periodic laminar flow and heat transfer behaviors in a three dimen- 
sional isothermal wall square channel fitted with 30° angled baffles 
on two opposite channel walls and the range of parameters inves- 
tigated are Re: 100-2000, PR=1, 1.5, 2, BR=0.1, 0.15, 0.2, 0.25, 0.3. 
Heat transfer enhancement is found about 1.2-11 times for using 
the 30 baffle pair with BR=0.1-0.3 and PR» 1, 1.5 and 2. However, 
the heat transfer augmentation is associated with enlarged pres- 
sure loss ranging from 2 to 54 times above the smooth channel 
depending on the BR, PR and Re values. Thermal enhancement fac- 
tor for the 30 inline baffle is found to be much higher than unity 
and its maximum value is about 4.0 at the highest Re and PR=2 
indicating higher thermal performance over the smooth channel. 
When effect of the baffle PR and BR values on heat transfer rate 
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Fig. 29. Multiple 60° V shaped baffle roughned plate. 


is examined, it is found that the maximum enhancement factor 
is about 4.0 for BR=0.15, PR=2.0 and Re=2000. Kwankaomeng 
and Promvonge [79] carried numerical investigation on periodic 
laminar flow and heat transfer behaviors in a three dimensional 
isothermal wall square channel fitted with 30° angled baffles on 
one channel wall and the range of parameters investigated are Re: 
100-2000, PR=1, 1.5, 2, BR=0.1-0.5 and heat transfer enhance- 
ment was found about 1.00-9.23 times for using the baffle with 
BR=0.1-0.5. However, the heat transfer augmentation is associated 
with enlarged pressure loss ranging from 1.09 to 45.31 times above 
the smooth duct. Thermal enhancement factor for the angled baffle 
is much higher than unity and its maximum value is about 3.1 at 
BR=0.3 and PR=1.5, indicating higher thermal performance over 
the smooth duct. Promvonge and Kwankaomeng [80] carried out 
numerical investigation to examine laminar flow and heat trans- 
fer characteristics in a three dimensional isothermal wall square 
channel with 45° staggered angled baffles with range of Reynolds 
in the range of 100-1200. It was found that the P vortex flow cre- 
ated by using the 45° baffles helps to induce impingement flows 
on the BLE side wall and wall in the baffle cavity leading to dras- 
tic increase in heat transfer in the square channel. The order of 
enhancement is about 100-1100% for using both the 45° baffles 
with BR = 0.05-0.3 and the heat transfer augmentation is associated 
with enlarged pressure loss ranging from 2 to 90 times above the 
smooth channel. Thermal enhancement factors for both the 45° baf- 
fle arrays are found to be almost the same for BR « 0.20 and much 
higher than unity and their maximum values are about 2.6-2.75 
indicating higher thermal performance over the smooth channel. 


6.2. Porous/perforated baffles 


Roughness elements of larger height give a high increase in the 
heat transfer but increase in pressure drop is a serious concern. 
Hot zones develop in the wake of these elements because of recir- 
culating flow. This leads to lower heat transfer from these zones; 
thus an attempt has been made by the designers to overcome this 
effect by putting perforation in the baffles which increase the heat 
transfer from these zones and help in reducing the pressure drop 
across the channel. The perforated elements allow a part of the 
flow to pass through these perforations and thus the hot zones 
and form drag are reduced. Solar air heater can be modeled as an 
asymmetrically heated high aspect ratio rectangular duct with flow 
regime ranging from laminar to early turbulent (Re: 1000-15,000). 
Due to the asymmetric heating, the thermal boundary layer in the 


laminar regime develops such that the air temperature decreases 
nearly monotonously from the heated absorber plate to the lower 
insulated side of the duct. In the turbulent regime, most of the tem- 
perature drop occurs through the laminar sublayer at the heated 
wall. The transitional flow, which is of main interest in the solar air 
heaters, can be regarded as a mix ofthe laminar and turbulent flows. 
Furthermore, for the gases, unlike the liquid metals, resistance to 
the heat transfer extends up to the buffer layer (the layer between 
the laminar sublayer and turbulent core). Therefore, the elements 
projecting beyond the sublayer must help. Yang and Hwang [81] 
carried out numerical predictions on the turbulent fluid flow and 
heat transfer characteristics for rectangular channel with porous 
baffles which are arranged on the bottom and top channel walls 
in a periodically staggered manner. It was found that when the 
solid type baffles are replaced by the porous type baffles, reduc- 
ing the effect thermal conductivity of the baffle, increasing of heat 
transfer surface and changing the flow transport phenomena. Ko 
and Anand [82] carried out experimental investigation to measure 
module average heat transfer coefficients in uniformly heated rect- 
angular channel with wall mounted porous baffles as shown in 
Fig. 30. The results show that the flow and heat transfer to reach 
periodically fully developed state downstream of the seventh mod- 
ule. The heat transfer enhancement ratio decreases with increase in 
Reynolds number and increases with increasing pore density. The 
heat transfer enhancement ratio reaches a maximum value of 300% 
for the range of parameters. The heat transfer enhancement ratio is 
found to be higher for taller (B}/Dp » 2/3) and thicker (B+/Dp = 1/3) 
baffles. 

Tzeng et al. [83] carried out experimental determination of local 
and average heat transfer characteristics in asymmetrically heated 
sintered porous channels with metallic baffles. The fluid medium 
was air. Measurements on the test specimen of four modes, with- 
out baffles (A), with periodic baffles on the top portion (B), with 
periodic baffles on the bottom portion (C) and with staggered peri- 
odic baffles on both sides (D), are performed. It was observed that 
at a given heat flux, the wall temperature increased with the axial 
distance, and declined as the Reynolds number increased. Addi- 
tionally, when baffles were attached on the heated wall (as in 
modes B and D), the wall temperatures measured at the baffles 
were slightly lower than those at the nearby points, especially at 
large Reynolds numbers. Molki and Mostoufizadeh [84] carried out 
an experimental investigation of heat transfer and pressure drop 
in a rectangular duct with repeated baffle blockages and the baf- 
fles are arranged in a staggered fashion with fixed axial spacing. It 
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Fig. 30. Aluminum foam structure. 


was found that baffle affects the entrance length of the duct, and 
the entrance length decreases monotonically with an increase in 
baffle height. The mass transfer and pressure data were combined 
under the equal pumping power condition, and enhancements of 
up to 90% occurred for the smallest baffle. Hwang and Liou [85] 
investigated experimentally the effect of perforated ribs on tur- 
bulent heat transfer and friction in a rectangular channel with 
perforated ribs with an open area ratio of 50% are staggered on 
two opposite walls of the channel. Four rib pitch to height ratios 5, 
10, 15, 20 and two rib height to channel hydraulic diameter ratios 
0.081 and 0.169 are examined and the range of Reynolds number 
is taken from 10,000 to 50,000. It was found that perforated rib 
geometry has Nusselt number and friction factor about 115% and 
60%; then solid ribs over the investigated range and the slightly 
higher heat transfer coefficient and significantly lower pressure 
drop accompanying the perforated rib reflect a higher thermal per- 
formance. Hwang et al. [86] experimentally investigated the effect 
of fence thickness on pressure drop and heat transfer in a perfo- 
rated fence channel. It was found that the fence thickness strongly 
affects the thermal performance through influencing the fence per- 
meability limit, and the permeability limit of the perforated fence 
decreases with the decrease of the fence thickness to height ratio. 
Liou and Chen [87] studied periodically turbulent heat transfer and 
friction in a rectangular passage of aspect ratio 4 with perforated 
rectangular ribs detached from one wall using laser holographic 
interferometry, smoke-streak flow visualization; pressure probing 
and laser-Doppler Velocimetry measurements were performed to 
illustrate the local Nusselt number distribution and range of param- 
eters investigated H/De=0.081, 0.106, 0.162, Re=5000-50,000, 
p/e=10. It was found that for the range of parameters investigated 
the thermal performance of Nup detached perforated ribs are as 
high as 1.3-1.9 times than that of smooth duct at same pumping 
power and a maximum Nup/Nu; for middle values of H/De =0.106 
in the lower Reynolds number and a Nup/Nus is independent of 
H/De for high range of Reynolds number. Li and Kottke [88] exper- 
imentally investigated the local heat transfer and pressure drop 
on the shell side of shell and tube heat exchangers with segmental 
baffles for different baffle spacing and found that an increasing baf- 
fle spacing can increase the heat transfer coefficient in the whole 
baffle compartment both due to reduction of the percentage of the 
leakage stream and due to the higher flow velocity through the baf- 
fle opening. The pressure drop coefficient for long baffle spacing 
is higher than for a short one. Dutta and Dutta [89] experimen- 
tally investigated the frictional loss and heat transfer behavior of 
turbulent flow in a rectangular channel with isoflux heating from 
the upper surface for different sizes, positions and orientation of 
inclined baffles attached to the heated surface and found both aver- 
age and local Nusselt numbers are significantly dependent on the 
baffle plate orientation and the Nusselt number ratio decreases as 
the plate is placed at a more streamlined position. The friction fac- 
tor ratio decreases with a decrease in the angle of baffle and also 
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Fig. 31. Transverse perforated baffle with two rows of holes. 


with an increase in the perforation density. Moreover friction factor 
ratio increases with an increase in the average Nusselt number ratio 
for a given configuration. Dutta and Hossain [90] experimentally 
investigated the local heat transfer characteristics and the asso- 
ciated frictional head loss in a rectangular channel with inclined 
solid and perforated baffles and found that the overall heat trans- 
fer coefficient is much higher with two inclined baffles than that 
with a single baffle placed in the same channel. The average Nus- 
selt number can be as high as 5 times the average Nusselt number 
of a smooth channel. Karwa et al. [91] experimentally investigate 
the heat transfer and friction in rectangular ducts with transverse 
baffles solid or perforated as shown in Fig. 31 attached to one 
broad wall and range of parameters investigated are P/e: 29, e/H: 
0.495 and Re: 2850-11,500 and study reveals the enhancement of 
73.7-82.7% in Nusselt number over smooth duct for solid baffles 
and from 60.6-62.9% to 45-49.7% for the perforated baffles and 
friction factor for the solid baffles is found to be 9.6-11.1 times of 
the smooth duct. 

Lin [92] experimentally investigates the local heat transfer in 
rectangular channel with baffles, and analyzes the experimental 
results of baffles with different heights and pores in the range of 
Reynolds number and three heating quantities with the range of 
parameters H: 10-50 mm, N: 1-3, Q: 40-1001/min, Re: 702-1752 
and Q: 90-750W/m2. It was found that the maximum Nusselt 
number without baffles of pores is generated at gi, =750W/m2, 
Re=1752 at X/L=0.04. The distribution of Nusselt number declines 
gradually with the increase of X/L and its minimum value is gen- 
erated at X/L - 0.2, with the difference of Nusselt number approx 
50% and a single pore baffle has a highest average Nusselt number, 
higher than that of two and three pores baffles by 26 and 28, up 
to 25% and 27% respectively. Huang et al. [93] studied the detailed 
measurement of local heat transfer coefficients in a square channel 
with a perforation baffle by using transient liquid crystal thermog- 
raphy with the parameters of investigation are Reynolds number, 
the baffle height, and the hole numbers on the perforation baffles. It 
was found that heat transfer coefficients off center are better than 
those in center at downstream of the baffle. It is resulted from two 
secondary flows that appeared off center after the air flow passes 
through the baffle and the heat transfer enhancement in case of 
a baffle with holes is greater than that without holes. Karwa and 
Maheshwari [94] carried out experimental study of heat transfer 
and friction in a rectangular section duct with transverse fully per- 
forated baffles (open area ratio of 46.8%) as shown in Fig. 32 and 
half perforated baffles (open area ratio of 26%) affixed to one of the 
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Fig. 32. Transverse perforated baffle with double and single rows of hole. 
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wall over the range of P/e: 7.2-28.8 and Re: 2700-11,150. Enhance- 
ment of 79-1695 in Nusselt number was reported over the smooth 
duct for fully perforated baffles and 133-2745 for the half perfo- 
rated baffles while the friction factor for the fully perforated baffles 
is 2.98-8.02 times of that for smooth duct and is 4.42-17.5 times 
for the half perforated baffles. 


7. Delta winglet 


Swirl/vortex generators are inserted into the forced flow that 
creates secondary flow or rotary flow and used in augmentative 
heat transfer in many engineering applications to enhance the rate 
ofthe heat and mass transfer equipment including heat exchanger, 
vortex combustor, drying process, etc. Vortex generators are in the 
form of wings or winglets. These vortex generators are of trian- 
gular or rectangular shapes which can be welded or punched and 
bend out of the plate so that they project into the flow with an 
angle of attack to the main flow direction. If the trailing edge is 
attached to the plate it is termed as a wing and when the chord 
length is attached to the plate then it is called a winglet. The differ- 
ent geometries of the vortex generators are shown in Fig. 33. These 
vortex generators induce longitudinal stream-wise vortices in the 


a Angle of attack 
A Aspect ratio 


flow field. The vortices develop along the edge of the vortex gener- 
ator due to the pressure difference between the front surface facing 
the flow and the back surface. These vortices are called longitudinal 
vortices because their axes of rotation are aligned to the direction 
of main flow. Heat transfer enhancement by winglet type vortex 
generators mounted at the leading edge of a flat plate was found 
to be about 50-60% improvement in average heat transfer over the 
surface of the plate Gentry and Jacobi [96]. 

Torii et al. [97] used a novel technique that can augment heat 
transfer but nevertheless can reduce pressure-loss in a fin-tube heat 
exchanger with circular tubes in a relatively low Reynolds num- 
ber flow, by deploying delta winglet-type vortex generators. The 
winglets are placed with a heretofore unused orientation for the 
purpose of augmentation of heat transfer. This orientation is called 
as "common flow up" configuration as shown in Fig. 34. The pro- 
posed configuration causes significant separation delay, reduces 
form drag, and removes the zone of poor heat transfer from the 
near-wake of the tubes. This enhancement strategy has been suc- 
cessfully verified by experiments in the proposed configuration. 
In case of staggered tube banks, the heat transfer was augmented 
by 30-10%, and yet the pressure loss was reduced by 55-345 for 
the Reynolds number (based on two times channel height) ranging 
from 350 to 2100, when the present winglets were added. In case of 
in-line tube banks, these were found to be 20-102; augmentation, 
and 15-8% reduction, respectively. 

An experimental study was carried out by Yakut et al. [98] for 
tapes with double-sided delta-winglets under different geometri- 
cal and flow parameters, including angles of attack (90°, 60° and 
30°), winglet heights (8, 12 and 16 mm), pitch arrangements (25, 
50 and 75 mm) and Reynolds numbers (3690, 10,493 and 16,906). 
By using the Taguchi experimental-design method, the optimum 
parameters of the turbulator were determined by obtaining the 
Nusselt number, friction factor, amplitude of fluctuation pressure 
of the vortices and the vortex-shedding frequency. The optimum 
results were obtained at a Reynolds number of 16,906, 25 mm pitch, 
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Fig. 33. Longitudinal vortex generators. 
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Fig. 34. Configuration of winglet type vortex generator on the fin surface-tube bank: (a) “common flow down” configuration; (b) “common flow up” configuration. 
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Fig. 35. (a) Single row; (b) three row inline array configurations. 
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8mm height of winglet and 30° angle of attack. For lower fre- 
quencies, optimum conditions occurred at a Reynolds number of 
16,906 for 75 mm pitch, 8mm height of winglet and 60° angle of 
attack. The potential of winglet type vortex generator (VG) arrays 
for air-side heat transfer enhancement is experimentally evaluated 
by full scale wind-tunnel testing of a compact plain-fin-and-tube 
heat exchanger by Joardar and Jacobi [99]. The effectiveness of a 
3VG alternate-tube inline array of vortex generators as shown in 
Fig. 35 is compared to a single row vortex generator design and the 
baseline configuration. The winglets are placed in a common flow- 
up orientation for improved tube wake management. The overall 
heat transfer and pressure drop performance are assessed under 
dry-surface conditions over a Reynolds number range based on 
hydraulic diameter of 220 < Re < 960. It is found that the air-side 
heat transfer coefficient increases from 16.5% to 44% for the single- 
row winglet arrangement with an increase in pressure drop of less 
than 12%. For the three-row vortex generator array, the enhance- 
ment in heat transfer coefficient increases with Reynolds number 
from 29.9% to 68.8% with a pressure drop penalty from 26% at 
Re = 960 to 87.5% at Re=220. 

A numerical investigation is carried out by Tian et al. [100] to 
study the air-side heat transfer and fluid flow characteristics of 
wavy fin-and-tube heat exchanger with delta winglets. The wavy 
fin-and-tube heat exchangers which have three-row round tubes 
in staggered or in-line arrangements are studied. The numerical 
results show that each delta winglet generates a down-stream main 
vortex and a corner vortex. For the in-line array, the longitudinal 
vortices enhance the heat transfer not only on the fin surface in the 
tube wake region but also on the tube surface downstream of the 
delta winglet; for the staggered array, longitudinal vortices are dis- 
rupted at the first wavy trough downstream from the delta winglet 


and only develop a short distance along the main-flow direction, 
and the vortices mainly enhance the heat transfer of the fin sur- 
face in the tube wake region. The longitudinal vortices generated 
by delta winglet cause considerable augmentation of heat transfer 
performance for wavy fin-and-tube heat exchanger with modest 
pressure drop penalty. When Rep, = 3000, compared with the wavy 
fin, the j and f factors of the wavy fin with delta winglets in stag- 
gered and in-line arrays are increased by 13.125, 7.02; and 15.425, 
10.5%, respectively. Min et al. [101] develop a modified rectangular 
longitudinal vortex generator (LVG) as shown in Fig. 36 obtained 
by cutting off the four corners of a rectangular wing and study 
fluid flow and heat transfer characteristics of this LVG mounted 
in rectangular channel experimentally and compared with those 
of original rectangular LVG. Results reveal that the modified rect- 
angular wing pairs (MRWPs) have better flow and heat transfer 
characteristics than those of rectangular wing pair (RWP). Near the 
positions of z- 40mm from the center-line of the heater plate, 
the local heat transfer is enhanced due to the strong longitudinal 
vortices generated by the presence ofthe LVGs. The down-sweep of 
the longitudinal vortices is beneficial to the heat transfer enhance- 
ment. The distance from the core of the main vortices of MRWP1 
to the heater wall is slightly lower than those of RWP, and hence 
MRWP1 has a comparably better heat transfer characteristic. 

A second law analysis was carried out by Kotcioglu et al. [102] 
of a cross flow heat exchanger. The entropy generation in a cross 
flow HX with a new winglet-type convergent-divergent longitudi- 
nal vortex generator (CDLVG) is investigated. Optimization of HX 
channel geometry and effect of design parameters regarding the 
overall system performance are presented. For the HX flow lengths 
and CDLVGs the optimization model was developed on the basis 
of the entropy generation minimization (EGM). It was found that 
increasing the cross-flow fluid velocity enhances the heat transfer 
rate and reduces the heat transfer irreversibility. The test results 
demonstrate that the CDLVGs are potential candidate procedure to 
improve the disorderly mixing in channel flow of the cross-flow 
type HX for large values of the Reynolds number. 

Heat transfer, flow friction and thermal performance factor 
characteristics in a tube fitted with delta-winglet twisted tape, 
using water as working fluid are investigated experimentally by 
Eiamsa-ard et al. [103]. Influence of the oblique delta-winglet 
twisted tape (O-DWT) and straight delta-winglet twisted tape 
(S-DWT) arrangements are also studied. The experiments are con- 
ducted using the tapes with three twist ratios (y/w - 3, 4 and 5) and 
three depth of wing cut ratios (DR=d/w=0.11, 0.21 and 0.32) over a 
Reynolds number range of 3000-27,000 in a uniform wall heat flux 
tube. The results show that mean Nusselt number and mean fric- 
tion factor in the tube with the delta-winglet twisted tape increase 
with decreasing twisted ratio (y/w) and increasing depth of wing 
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Fig. 36. Schematic view of present modified longitudinal vortex generator: (a) layout of common flow-down wings; (b) modified rectangular wing. 


S. Chamoli et al. / Renewable and Sustainable Energy Reviews 16 (2012) 3154-3175 3173 


— 


Fig. 37. Test section with winglet geometry. 


cut ratio (DR). It was observed that the O-DWT is a more effective 
turbulator giving higher heat transfer coefficient than the S-DWT. 
Overthe range considered, Nusselt number, friction factor and ther- 
mal performance factor in a tube with the O-DWT are, respectively, 
1.04-1.64, 1.09-1.95, and 1.05-1.13 times ofthose in the tube with 
typical twisted tape (TT). An experimental investigation has been 
carried out by Chompookham et al. [104] to study the effect of 
combined wedge ribs and winglet type vortex generators (WVGs) 
on heat transfer and friction loss behaviors for turbulent air flow 
through a constant heat flux channel. To create a reverse flow in the 
channel, two types of wedge (right-triangle) ribs are introduced: 
wedge ribs pointing downstream and pointing upstream as shown 
in Fig. 37. The arrangements of both rib types placed inside the 
opposite channel walls are in-line and staggered arrays. To gen- 
erate longitudinal vortex flows through the tested section, two 
pairs of the WVGs with the attack angle of 60° are mounted on 
the test channel entrance. The test channel has an aspect ratio, 
AR=10 and height, H2 30mm with a rib height, e/H 2 0.2 and rib 
pitch, P/H -» 1.33. The flow rate in terms of Reynolds numbers is 
based on the inlet hydraulic diameter of the channel ranging from 
5000 to 22,000. The presence of the combined ribs and the WVGs 
shows the significant increase in heat transfer rate and friction loss 
over the smooth channel. The Nusselt number and friction factor 
values obtained from combined the ribs and the WVGs are found 
to be much higher than those from the ribs/WVGs alone. In con- 
junction with the WVGs, the in-line wedge pointing downstream 
provides the highest increase in both the heat transfer rate and the 
friction factor while the staggered wedge pointing upstream yields 
the best thermal performance. 

Effects of combined ribs and delta-winglet type vortex gener- 
ators (DWs) on forced convection heat transfer and friction loss 
behaviors for turbulent air flow through a solar air heater chan- 
nel are experimentally investigated by Promvonge et al. [105]. The 


flow rate is presented in the form of Reynolds numbers based on 
the inlet hydraulic diameter of the channel ranging from 5000 to 
22,000. The cross-section shape of the rib placed on the absorber 
plate to create a reverse flow is an isosceles triangle with a single 
rib height, e/H - 0.2 and rib pitch, PI/H » 1.33. Ten pairs of the DW 
with its height, b/H 7 0.4, transverse pitch, Pt/H=1 and three attack 
angles (œ) of 60°, 45° and 30° are introduced and mounted on the 
lower plate entrance of the tested channel to generate longitudi- 
nal vortex flow. The experimental results show that the Nusselt 
number and friction factor values for combined rib and DW are 
found to be much higher than those for the rib/DW alone. The larger 
attack angle of the DW leads to higher heat transfer and friction 
loss than the lower one. In common with the rib, the DW point- 
ing upstream (PU-DW) is found to give higher heat transfer rate 
and friction loss than the DW pointing downstream (PD-DW) at a 
similar operating condition. In comparison, the largest attack angle 
(a 2 60*) of the PU-DW yields the highest increase in both the Nus- 
selt number and friction factor while the lowest attack angle of the 
PD-DW provides the best thermal performance. The performance of 
a pair of new vortex generators - curved trapezoidal winglet (CTW) 
has been experimentally investigated by Zhou and Ye [106] and 
compared its results with traditional vortex generators-rectangular 
winglet, trapezoidal winglet as shown in Fig. 38 and delta winglet 
using dimensionless factors j/jo, f/fo and R = (j[jo)/(f/fo). The results 
showed that delta winglet pair is the best in laminar and transi- 
tional flow region, while curved trapezoidal winglet pair (CTWP) 
has the best thermohydraulic performance in fully turbulent region 
due to the streamlined configuration and then the low pressure 
drop, which indicates the advantages of using this kind of vortex 
generators for heat transfer enhancement. Parametric study on CT 
WP showed that smaller attack angle (f =0° and 15°), larger curva- 
ture (b/a- 1/2) and larger angle of inclination (o » 20?) gives better 
thermohydraulic performance under the present conditions. 
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Fig. 38. Pictorial diagram of vortex generators. 
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8. Conclusion 


Based on the review of the literature on turbulence promot- 
ers used in solar thermal systems, it has been found that small 
height roughness element of different configuration was widely 
investigated both analytically and experimentally and numeri- 
cal studies also predict same the behavior as the experimental 
results. A number of studies have been carried out in order to 
investigate the effect of various parameters on the performance 
of asymmetrically heated rectangular duct. The relative roughness 
height, relative roughness pitch, angle of attack and relative gap 
position in discrete ribs are considered the important factors that 
affect the performance of solar air heater and heat exchanger. Delta 
winglets were used in solar thermal systems and found suitable 
to generate the vortexes which increase the heat transfer with- 
out much increase in friction factor. Maximum studies have been 
reported with small height roughness elements and suitable opti- 
mum parameters are available that help the designers for their 
effective efficiency performance in industrial applications viz. air 
heater, turbine blade cooling, nuclear reactor and electronic equip- 
ments. Few studies have been reported with high roughness height 
generally called baffles and they show high rate of heat transfer but 
baffle blockage increase the pressure drop which is a serious con- 
cern thus investigators must look to reduce the pressure drop which 
can attained by desecrating the geometry or to find the geom- 
etry which will be thermo-hydraulically better. Literature study 
on baffles reveals that the perforation is an effective technique 
in order to reduce the pressure drop without much reduction in 
heat transfer. Studies on transverse perforation baffle are reported 
by the investigators and they found that the perforated baffles 
are thermo-hydraulically better in comparison to solid baffles. No 
correlation is available in the literature which can predict their per- 
formance. The compound delta winglets can be used to enhance 
heat transfer and perforated winglets may found suitable in per- 
formance enhancement of solar thermal systems. Thus the there is 
tremendous scope for future study of the heat transfer and friction 
factor characteristics of different shapes of perforation baffle, delta 
winglets and the effect of hole sizing and its alignment. The infor- 
mation presented here will be beneficial for beginners in this area 
of research. 
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